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Genomic profiling has identified several molecular oncodrivers in breast tumorigenesis. A thorough understanding
of endogenous immune responses to these oncodrivers may provide insights into immune interventions for breast
cancer (BC). We investigated systemic anti-HER2/neu CD4C T-helper type-1 (Th1) responses in HER2-driven breast
tumorigenesis. A highly significant stepwise Th1 response loss extending from healthy donors (HD), through HER2pos-
DCIS, and ultimately to early stage HER2pos-invasive BC patients was detected by IFNg ELISPOT. The anti-HER2 Th1
deficit was not attributable to host-level T-cell anergy, loss of immune competence, or increase in immunosuppressive
phenotypes (Treg/MDSCs), but rather associated with a functional shift in IFNg:IL-10-producing phenotypes. HER2high,
but not HER2low, BC cells expressing IFNg/TNF-a receptors were susceptible to Th1 cytokine-mediated apoptosis in
vitro, which could be significantly rescued by neutralizing IFNg and TNF-a, suggesting that abrogation of HER2-specific
Th1 may reflect a mechanism of immune evasion in HER2-driven tumorigenesis. While largely unaffected by cytotoxic
or HER2-targeted (trastuzumab) therapies, depressed Th1 responses in HER2pos-BC patients were significantly restored
following HER2-pulsed dendritic cell (DC) vaccinations, suggesting that this Th1 defect is not “fixed” and can be
corrected by immunologic interventions. Importantly, preserved anti-HER2 Th1 responses were associated with
pathologic complete response to neoadjuvant trastuzumab/chemotherapy, while depressed responses were observed
in patients incurring locoregional/systemic recurrence following trastuzumab/chemotherapy. Monitoring anti-HER2 Th1
reactivity following HER2-directed therapies may identify vulnerable subgroups at risk of clinicopathologic failure. In
such patients, combinations of existing HER2-targeted therapies with strategies to boost anti-HER2 CD4C Th1 immunity
may decrease the risk of recurrence and thus warrant further investigation.

Introduction

Breast cancer (BC) is a leading cause of cancer-related mortal-
ity worldwide.1 Through the development of gene expression sig-
natures, at least four broad phenotypes of breast neoplasms are
now recognized: luminal A and B, basal-like, and human epider-
mal growth factor receptor-2/neu (HER2pos).2 HER2 overex-
pression, a molecular oncodriver in several tumor types including
20–25% of BCs,3 is associated with an aggressive clinical course,
resistance to chemotherapy, and a poor overall prognosis.4,5 In
incipient BC, HER2 overexpression is associated with enhanced
invasiveness,6 tumor cell migration,7 and the expression of

proangiogenic factors,8 suggesting a critical role for HER2 in
promoting a tumorigenic environment. Although HER2-tar-
geted therapies (i.e., trastuzumab), in combination with chemo-
therapy, have significantly improved survival in HER2pos BC, 9 a
substantial proportion of patients become resistant to such thera-
pies.10 Strategies to identify patient subgroups at high risk of
treatment failure, as well as novel approaches to improve response
rates to HER2-targeted therapies, are needed.

Growing evidence indicates that robust cellular immune
responses in the tumor microenvironment are associated with
improved outcomes in BC, particularly in the HER2pos sub-
type.11 Indeed, progress has been made in deciphering individual
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immune mediators of these antitumor effects. Although cytotoxic
CD8C T-lymphocytes (CTL) have historically been considered
the primary effectors of antitumor immunity,12 boosting CTL
responses with peptide vaccines in HER2pos-BC has yielded min-
imal clinical impact,13 possibly because CTLs function subopti-
mally without adequate CD4C T-cell help.14 In addition to
being critical for the generation and persistence of CTLs, CD4C

T-helper (Th) cells mediate antitumor effects through other
mechanisms, including direct cytotoxic tumoricidal activity,
modulation of antitumor cytokine responses, and potentiation of
long-term immunologic memory.15 By facilitating immunoglob-
ulin class switching, Th cells also contribute to antitumor
humoral immunity and effector B-cell responses.16 Indeed, infil-
tration of interferon (IFN)g producing CD4C T-helper type 1
(Th1) cells in the tumor microenvironment is associated with an
improved prognosis in BC.17

The role of systemic anti-HER2 CD4C Th1 responses in
HER2-driven breast tumorigenesis, however, remains unclear. In
the current study, we identified a progressive loss of CD4C Th1
response across a tumorigenic continuum in HER2pos-BC, which

appears to be HER2-specific and regulatory T-cell (Treg)-inde-
pendent. Furthermore, the depressed anti-HER2 Th1 responses
in HER2pos-IBC were differentially restored after HER2-pulsed
DC immunization, but not following HER2-targeted therapy
with trastuzumab and chemotherapy (T/C).

Results

Patient characteristics
After consecutive enrollment, 143 subjects met study criteria.

Mean age was 53.1 § 1.4 (range, 21–88) years and 79.0% were
Caucasian. Patient/donor cohorts, with time-points at which
blood was drawn, are indicated in Figure 1 and Methods. Donors’
demographic and tumor-related characteristics are detailed in
Table S1. Twenty-six (83.9%) and 11 (50.0%) patients in
HER2pos-ductal carcinoma in situ (DCIS) and invasive breast
cancer (IBC) cohorts, respectively, were previously enrolled in our
neoadjuvant type 1-polarized DC (DC1) vaccination trials; their
patient/tumor characteristics have been reported previously.18

Figure 1. Study-eligible patient and donor cohorts. Hierarchy diagram representing patient/donor groups included in study. Cohorts are labeled A–H for
ease of comparison (of immune responses), and are referred to in Results. Treatment schedules in cohorts G and H, as well as time-points at which blood
was drawn are indicated in red callout boxes. Specifically, in the T/C-treated HER2pos-IBC cohort (G), patients received either neoadjuvant T/C, followed
by surgery and completion of adjuvant trastuzumab; patients selected for a surgery-first approach completed adjuvant T/C. Blood was drawn either <6
mo or �6 mo from completion of adjuvant trastuzumab.
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Loss of systemic anti-HER2 Th1 immunity correlates with
progression of breast tumorigenesis

Utilizing peripheral blood mononuclear cells (PBMCs), we
prospectively examined variations in systemic anti-HER2 CD4C

Th1 response across a tumorigenesis continuum via ex vivo
HER2 peptide-stimulated IFNg enzyme-linked immunospot
(ELISPOT) assays. Three Th1 response metrics were compared
between groups: (a) overall anti-HER2 responsivity (proportion
of patients responding to �1 peptide), (b) mean number of reac-
tive peptides (repertoire), and (c) cumulative response across six
class II peptides (refer to Methods). Compared with HD or
patients with benign breast disease (BD) (Fig. 1 cohort A), a sig-
nificant stepwise decline in Th1 response was observed in
HER2pos BC patients. Beginning in treatment-naive HER2pos-
DCIS (Fig. 1 cohort C) and reaching a nadir in treatment-naive
Stage I/II HER2pos-IBC (Fig. 1 cohort F), this progressive loss of
Th1 immunity was observed uniformly across all Th1 response
metrics. For instance, the overall anti-HER2 responsivity
decreased from 100% in HD/BD to 84% in HER2pos-DCIS to
32% in HER2pos-IBC patients (p < 0.0001). Similar significant
stepwise decrements in response repertoire (5.2 § 0.2 vs. 4.5 §
0.4 vs. 2.0 § 0.3 vs. 0.4 § 0.2; p < 0.0001) and cumulative
response (259.9 § 23.5 vs. 225.1 § 25.5 vs. 126.1 § 24.4 vs.
32.3 § 5.4 SFC/106 cells, p < 0.0001) were observed across
HD, BD, HER2pos-DCIS, and Stage I/II HER2pos-IBC patients,
respectively (Fig. 2A). On post-hoc comparison, Th1 responses
in HER2pos-DCIS patients were lower than in HDs when
assessed by repertoire (p < 0.001) and cumulative response
(p D 0.001) but not responsivity (p D 0.07). Th1 responses in
HER2pos-IBC patients were further suppressed – these patients
had significantly lower anti-HER2 responsivity (p D 0.0003),
repertoire (p D 0.001), and cumulative response (p D 0.001)
compared with HER2pos-DCIS patients. The percentage of reac-
tive cells per million PBMCs ranged from 0.03% in HD to
0.003% in HER2pos-IBC patients.

Notably, Th1 responses in treatment-naive HER2neg-DCIS
(Fig. 1, cohort B) or HER2neg-IBC (Fig. 1, cohort D) patients
and HD/BD patients did not vary appreciably. Compared with
HER2neg-DCIS patients, however, HER2pos-DCIS patients
demonstrated significantly lower anti-HER2 Th1 repertoire
(p < 0.001) and cumulative response (p D 0.02). Similarly,
compared with HER2neg-IBC patients, HER2pos-IBC patients
had lower responsivity (p D 0.0003), repertoire (p < 0.001),
and cumulative response (p < 0.001) (Fig. 2A).

Individual HER2 peptide-specific contributions to cumulative
Th1 responses across patient groups demonstrated similar step-
wise Th1 decrements from HD/BD to HER2pos-IBC patients,
across all HER2 extracellular domain (ECD) and intracellular
domain (ICD) peptide reactivity profiles (p < 0.005; Fig. S1).
Disproportionate focusing of Th1 immune responses toward a
selective HER2 epitope(s) in DCIS/IBC patients may not explain
the progressive Th1 loss in HER2pos tumorigenesis.

In order to investigate if Th1 responses in HD/BD donors
were disproportionately higher in certain subgroups, responses
were compared by age [<50 yr (n D 16), �50 yr (n D 15)],
menopausal status [pre-menopausal (n D 16), post-menopausal

(n D 15)], race [White (n D 23), other (Black/Asian/etc.;
n D 8)], or gravidity [zero (n D 12), �1 (n D 19) pregnancies].
No significant differences in anti-HER2 Th1 repertoire or cumu-
lative response were observed in HD subgroups stratified by age,
race, or menopausal status; however, gravid donors (i.e., �1 preg-
nancies) had a significantly higher anti-HER2 Th1 repertoire
(5.3 § 0.2 vs. 4.6 § 0.2, p D 0.01) and cumulative response
(293.1 § 21.2 vs. 178.2 § 19.0, p D 0.0008) compared with
non-gravid donors (Fig. 2C). Temporal variability in Th1
responses was examined in HD/BDs and HER2pos-IBC donors
(n D 4 each); in blood drawn from the same patients at �6
month intervals, relatively unchanged Th1 repertoires and cumu-
lative responses were observed over time (Fig. S2).

Anti-HER2 IgG1 and IgG4 antibody responses are lost
in HER2pos-IBC

After noting pre-existing anti-HER2 Th1 responses in
HDs that decay in HER2pos breast tumorigenesis, we exam-
ined serum reactivity against recombinant HER2 ECD using
available sera from HDs, HER2pos-DCIS and HER2pos-IBC
patients. Both IgG1, associated with Th1 immunity, and
IgG4, associated with chronic antigen exposure, were evalu-
ated. Compared with HDs (n D 12) and treatment-naive
HER2pos-IBC patients (n D 7), a relative increase in both
anti-HER2 IgG1 and IgG4 levels (both p < 0.001) was
observed in HER2pos-DCIS patients (n D 10 IgG1, n D 11
IgG4) by ELISA (Fig. 2D). Comparatively lower anti-HER2
antibody levels in HER2pos-IBC patients suggest that endoge-
nous anti-HER2 response is lost upon disease progression.

Th1 response loss is not related to host-level T-cell anergy
or increasingly immunosuppressive circulating immune
phenotypes

Immunocompetence in evaluable donor subgroups was
assessed by measuring Th1 response to anti-CD3/anti-CD28
via IFNg ELISPOT; these responses also served as donor-spe-
cific positive controls in all ELISPOT assays. Median anti-
CD3/CD28 responses did not differ (1098 vs. 1104 vs.
1032 vs. 1099 vs. 1318 vs. 1032 SFC/2 £ 105 cells, p D
0.22) between HD/BD (n D 31), HER2neg-DCIS (n D 11),
HER2neg-IBC (n D 11), HER2pos-DCIS (n D 5) HER2pos-
IBC (n D 11), and T/C-treated HER2pos-IBC (n D 37)
cohorts, respectively (Fig. 2B). Moreover, Th1 responses to
recall stimuli [tetanus toxoid (105 § 17.0 vs. 96 § 15.6 vs.
101 § 11.3 SFC/2 £ 105), and Candida albicans (185 §
10.2 vs. 199 § 15.3 vs. 181 § 14.6 SFC/2£105)] were simi-
lar between evaluated HD (n D 10), HER2pos-IBC (n D 11),
and T/C-treated IBC (n D 10) cohorts, respectively
(Fig. 3A). Collectively, these data suggest that the progressive
anti-HER2 Th1 response loss in HER2-driven BC is not
attributable to host-level T-cell anergy or impaired antigen-
presenting capacity in IBC patients’ PBMCs.

By flow cytometry, the mean proportion of CD3CCD4C

(72.8 § 2.3% vs. 62.6 § 3.2% vs. 63.3 § 6.9%, p D 0.26) and
CD3CCD8C (25.1 § 2.9% vs. 37.9 § 4.7% vs. 38.2 § 6.6%,
p D 0.15) cells did not differ between PBMCs from HD,
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HER2pos-IBC, and T/C-treated HER2pos-IBC cohorts (n D 5
each), respectively (Fig. 3B). No differences in proportions of B
cells (CD19C) or natural killer (NK) cells (CD3¡CD16C) were
observed between groups (data not shown). Systemic immuno-
suppressive phenotypes were then compared: mean proportions
of CD4CCD25CFoxP3C cells (Treg) (1.8 § 0.3% vs. 1.5 §
0.2% vs. 1.7 § 0.3%, p D 0.78), and CD11bCCD33CHLA-
DR¡CD83¡cells (myeloid-derived suppressor cells [MDSC])

(0.6 § 0.1% vs. 1.0 § 0.3% vs. 0.9 § 0.1%, p D 0.33) did not
differ between HD, HER2pos-IBC, and T/C-treated HER2pos-
IBC subgroups, respectively (Fig. 3C).

HER2-specific IL-10 production, a surrogate for Treg and/
or T-helper type 2 (Th2) function, was examined across
patient subgroups via ELISPOT. Anti-HER2 responsivity (all
100%), repertoire (1.8 § 0.4 vs. 1.8 § 0.2 vs. 2.0 § 0.3),
and cumulative response (77.4 § 15.2 vs. 66.6 § 8.2 vs.

Figure 2. Anti-HER2 CD4C Th1
responses and IgG1/IgG4 reac-
tivity are progressively lost in
HER2pos breast tumorigenesis.
(A) IFNg ELISPOT analysis of
PBMCsdemonstratedaprogres-
sive loss of anti-HER2 CD4C Th1
response in HER2pos breast
tumorigenesis (i.e., HD/BDHER2-
pos-DCISHER2pos-IBC), illustrated
by anti-HER2 responsivity,
response repertoire, and cumu-
lative response (all ANOVA
p < 0.001). No differences in
Th1 responses were observed
between HER2neg-DCIS and
HER2neg-IBC (IHC0/1C) andHD/
BD subjects. Post-hoc Scheff�e p
value comparisons between
groupsareshownalongsidehis-
tograms. (B) Anti-CD3/ CD28
stimulus served as positive con-
trol forall donors inexperiments
shownin(A)above;correspond-
ing IFNg production by ELISPOT
in respective patient groups is
shown. Results presented as
median § interquartile range
(IQR) IFNg SFC per 2£ 105 cells
in box-and-whiskers plots; (C)
Variations in anti-HER2 Th1
cumulative responses in HD/
BDs donors stratified by donor
age (<50 vs.�50 years),meno-
pausal status (pre-menopausal
vs. post-menopausal) (upper
panel); andrace (whitevs.other),
or gravidity (zero vs. �1 preg-
nancies) (bottom panel). Within
each Th1 metric, results are
expressed as proportion or
mean (§SEM). (D) ELISA of
serum reactivity against recom-
binant HER2 extracellular
domain revealed significantly
elevated anti-HER2 IgG1 and
IgG4 antibody levels in HER2pos-
DCIS compared with HDs that
decayedinHER2pos-IBCpatients.
ELISAmeasurements are shown
as optical density (OD) at 1:100
sera dilutions (grouped scatter
plot,withhorizontal line indicat-
ingmeanOD); (***p < 0.001 by
unpaired t-test or ANOVA with
post-hoc Scheff�e testing, as
applicable).
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92.8 § 4.7) did not differ between HD, HER2pos-IBC, and
T/C-treated IBC cohorts, respectively (Fig. S3). IL-10 pro-
duction to anti-CD3 stimulus was similar across all evaluated
groups. While overall IL-10 production did not differ signifi-
cantly between subgroups, donor-matched HER2-specific

IFNg:IL-10 production ratios dramatically shifted from 6.6:1
(relative Th1-favoring phenotype) in HDs to 0.74:1 and
0.97:1 (relative Treg/Th2-favoring phenotype) in untreated
and T/C-treated HER2pos-IBC patients, respectively (p D
0.009) (Fig. 3D).

Figure 3. Anti-HER2 Th1 defi-
cit in HER2pos-IBC is not
attributable to lack of immu-
nocompetence or increase in
immunosuppressive pheno-
types, but associated with a
functional shift in IFNg:IL-10-
producing phenotypes.
PBMCs from HER2pos-IBC
patients, both treatment-
naive and T/C-treated, did
not differ significantly from
HDs in (A) IFNg production
to recall stimuli tetanus tox-
oid or Candida albicans by
ELISPOT. Results presented
as median § interquartile
range (IQR) IFNg SFC per 2 £
105 cells in box-and-whiskers
plots; (B and C) Relative pro-
portions of CD4C (CD3C

CD4C) (B top) or CD8C

(CD3CCD8C) T-cells (B bot-
tom), Treg (CD4CCD25C

FoxP3C) (C top) or MDSCs
(CD11bCCD33CHLA-DR¡CD
83¡) (C bottom) by flow
cytometry. Representative
stainings within groups are
shown; results in adjoining
histograms expressed as
mean proportions (%) § SEM
as indicated. (D) Donor-
matched cumulative IFNg
and IL-10 production (SFC
per 106 cells) across six HER2
Class II peptides compared in
HD, treatment-naive HER2-
pos-IBC, and T/C-treated
HER2pos-IBC patients. Rela-
tive HER2-specific IFNg to IL-
10 proportions (% depicted
in graph) decreased signifi-
cantly from HDs [IFNg/(IFNg
C IL-10) D 86.9%; IL-10/(IFNg
C IL-10) D 13.1%] to HER2-
pos-IBC patients with (49.3%;
50.7%) or without (42.5%;
57.5%) T/C treatment. Abso-
lute IFNg:IL-10 production
ratio changed from 6.6:1
(HDs) to 0.97:1 (T/C-treated)
and 0.74:1 (HER2pos-IBC),
respectively (top panel). No
significant relative shifts in
IFNg:IL-10 production were
observed to positive controls
(anti-CD3/anti-CD3/CD28)
(bottom panel).
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Systemic Th1 loss is unrelated to disproportionate
T-lymphocyte trafficking to HER2pos-IBC Lesions

Immunohistochemical (IHC) analysis of HER2pos-DCIS
(n D 14) and HER2pos-IBC (n D 8) lesions, available for patho-
logic review, was performed to determine if the systemic IFNgpos

CD4C response loss was related to disproportionate T-lympho-
cyte trafficking to IBC lesions. Whereas moderate (�15% stro-
mal involvement) to high (�25%) lymphocyte levels were
observed aggregating in stromal regions outside HER2pos-DCIS-
containing ducts in a majority (12/14; 85.7%) of patients, a rela-
tive paucity of lymphocytes was seen around invasive foci in all
HER2pos-IBC patients (8/8; 100%; Fig. S4A).

Lymphocytic phenotypes were analyzed by a novel multiplex-
labeled immunofluorescence (IF) technique, which discriminates
tumor and stromal regions and reliably detects relative CD4C

(green signal), CD8C (yellow), and CD20C (red) subpopula-
tions.19 A majority of stromal (StL) and tumor-infiltrating lym-
phocytes (TIL) in HER2pos-IBC tumors comprised CD8C cells.
Moreover, a relative paucity of CD4C TIL/StL was observed in
HER2pos-IBC tumors compared with DCIS lesions (Fig. S4B).
Disproportionate peritumoral CD4C T-cell trafficking to HER2-
pos-IBC lesions may not explain the systemic depletion of
IFNgpos CD4C T-cell subsets.

High/intermediate HER2-expressing, but not low HER2-
expressing, BC cells are susceptible to CD4C Th1-mediated
apoptosis

We evaluated Th1-mediated effects on HER2high SK-BR-3,
HER2intermediate MCF-7, and HER2low MDA-MB-231 BC cell
lines in vitro. Co-culture of increasing proportions of HER2

Figure 4. CD4C Th1 induces apoptosis of HER2high, but not HER2low, human and murine breast cancer cells. (A) Using a transwell system, 50£ 103 SK-BR-
3 cells were co-cultured with medium alone (complete medium), 106 CD4C T-cells alone (CD4C only), 106 CD4C T-cells C 105 each of HER2 Class II pep-
tide (iDC H)- or irrelevant Class II BRAF peptide (iDC B)-pulsed iDCs, and 106 CD4C T-cells C 105 each HER2 (DC1 H)- or BRAF (DC1 B)-pulsed DC1s.
Increased caspase-3 cleavage indicated dose-dependent apoptosis of SK-BR-3 cells when co-cultured with DC1 H:CD4C T-cells, but not DC1 B, iDC H, or
iDC B groups. Vinculin was used as loading control. The displayed protein gel blot is representative of three experiments (top panel), and results are
expressed as mean caspase-3/vinculin ratios § SEM indicating fold induction of apoptosis (quantified using ImageJ software). Compared with IgG iso-
type control, CD4C:DC1 H-induced SK-BR-3 apoptosis was significantly rescued by neutralizing IFNg and TNF-a. Bars represent % rescue of mean cas-
pase-3/vinculin ratio §SEM (31.4 §5.3% IFNg/TNF-a neutralization vs. control). Results are representative of three experiments (middle panel).
Corresponding production of IFNg (left y-axis) and TNF-a (right y-axis) in respective co-cultures by ELISA is shown. Results are expressed in pg/mL, and
are representative of three experiments (bottom panel). (B) Significantly greater proportion of apoptotic SK-BR-3 cells (asterisks) were observed by DAPI
staining in the DC1 H:CD4C group, correlating with a 25-fold increase in apoptosis, compared with CD4C only or DC1 B:CD4C groups. Results are repre-
sentative of three experiments, and expressed as mean % apoptotic cells § SEM. (C) HER2high SK-BR-3, HER2intermediate MCF-7, and HER2low MDA-MB-231
human BC cells uniformly maintained expression of IFNg-Ra and TNF-a-R1 receptors. (D) In transgenic murine HER2high mammary carcinoma TUBO and
MMC15 cells, combination treatment with recombinant murine (rm) Th1 cytokines rmIFNg and rmTNF-a resulted in significantly greater apoptosis com-
pared with untreated controls or treatment with either cytokine alone. This effect was not reproduced with dual rmIFNg C rmTNF-a treatment in murine
HER2low/neg cells 4T1. Results are representative of three experiments, and expressed as mean % apoptotic cells § SEM, detected by proportion of PIpos/
Annexin Vpos cells by flow cytomety. (* p � 0.05, **p < 0.01, *** p < 0.001).
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Class II peptide-specific CD4C Th1 cells, sensitized with HER2-
pulsed DC1, with BC cells using a transwell culture system
resulted in striking dose-dependent apoptosis of SK-BR-3
(Fig. 4A) and MCF-7, but not MDA-MB-231, BC cells
(Fig. S5A). In contrast, apoptosis was relatively insignificant in
BC cells co-cultured with CD4C T-cells sensitized by immature
DCs (iDC) or control Class II peptide (BRAF)-pulsed DC1s
(Fig. 4A/S5A). Quantification of Th1 cytokines elaborated in
these co-culture supernatants by ELISA indicated significantly
increased IFNg and TNF-a production from CD4C T-cell:
HER2-pulsed DC1, compared with CD4C:BRAF control-DC1,
co-cultures (Fig. 4A), corresponding with the degree of apoptosis
observed.

A similarly specific apoptosis was observed in SK-BR-3 cells
when incubated with supernatants from CD4C T-cell: HER2-
pulsed DC1 co-cultures, but not CD4C:HER2-iDC or CD4C:
BRAF control-DC1 co-cultures (Fig. S5B). Compared with con-
trols, HER2-specific Th1 cells resulted in a 25-fold increase in
SK-BR-3 apoptosis as evidenced by DAPI staining (Fig. 4B).
Taken together, these data suggest that anti-HER2 CD4C Th1
cells produce soluble factors that mediate apoptosis of high/inter-
mediate HER2-expressing, but not low HER2-expressing, BC
cells.

Importantly, HER2high SK-BR-3 apoptosis could be signifi-
cantly rescued by neutralizing IFNg and TNF-a (Fig. 4A),
suggesting a critical role for pleiotropic Th1 cytokines in mediat-
ing HER2-specific cellular apoptosis. To explore these observa-
tions further, the impact of IFNg and TNF-a treatment on BC
cells were examined. Regardless of HER2 expression, human BC
cells uniformly maintained IFNg and TNF-a receptor expression
(Fig. 4C). IFNg and TNF-a treatment resulted in significant
apoptosis of HER2high SK-BR-3 and HER2intermediate MCF-7,
but not HER2low MDA-MB-231, cells (Fig. S5C). Next, to
assess if reinstatement of HER2 expression in MDA-MB-231
cells restored susceptibility to Th1 cytokine-mediated apoptosis,
MDA-MB-231 cells were stably transfected with a wild-type
HER2 plasmid (pcDNA-HER2) or with control empty vector
(pcDNA3; kind gifts of Mark I. Greene, University of Pennsylva-
nia) and treated with IFNg and TNF-a (2000 U/mL and
200 ng/mL, respectively; doses equivalent to those used against
MDA-MB-231 cells in Fig. S5C). Significant IFNg/TNF-
a-induced apoptosis was observed in HER2-transfected, but not
vector-transfected, MDA-MB-231 cells (data not shown).

Finally, we corroborated this Th1 cytokine-mediated HER2-
specific apoptosis in transgenic murine mammary carcinoma
cells. Dual treatment with recombinant mouse IFNg and TNF-
a, but not with either cytokine alone, resulted in significant apo-
ptosis of HER2high TUBO and MMC15, but not HER2low/neg

4T1, cells (Fig. 4D).

Th1 response loss in HER2pos-IBC is restored after HER2-
pulsed DC vaccination, but not following HER2-targeted or
conventional therapies

Differential effects following T/C treatment and HER2-
pulsed DC1 immunization on Th1 responses in HER2pos-IBC
patients were analyzed. Treatment-naive Stage I/II HER2pos-IBC

patients (n D 22; Fig. 1 cohort F) and T/C-treated Stage I-III
HER2pos-IBC patients (n D 37; Fig. 1 cohort G) did not differ
significantly in anti-HER2 responsivity (31.6% untreated vs.
45.9% T/C-treated, p D 0.39), repertoire (0.4 § 0.2 vs. 0.8 §
0.2, p D 0.24), or cumulative response (32.3 § 5.4 vs. 54.5 §
12.0 SFC/106, p D 0.97) (Fig. 5A). Following HER2-pulsed
DC1 vaccination in 11 Stage I HER2pos-IBC patients (Fig. 1
cohort H), however, significant improvements were observed in
anti-HER2 responsivity (18.2% pre-vaccine vs. 90.9%
post-vaccine, p D 0.0035), repertoire (0.3 § 0.2 vs. 3.7 § 0.5,
p < 0.0001), and cumulative response (29.7 § 7.9 vs. 162.8 §
33.7 SFC/106, p < 0.0001) (Fig. 5B). The striking Th1 restora-
tion effect following DC1 vaccination, but not after T/C receipt,
persisted on stage-matched comparison between Stage I treat-
ment-naive (n D 11), T/C-treated (n D 8), and vaccinated
(n D 11) HER2pos-IBC patients (Fig. 5C).

Differences in relative proportions of IFNgpos:IL-10pos reac-
tive T-cells were examined following DC1 vaccination compared
with T/C treatment. In concurrently performed donor-matched
comparisons, while both HER2-specific IFNg (196.8 § 56.8
post-vaccine vs. 32.1 § 6.1 pre-vaccine SFC/106, p D 0.02) and
IL-10 (79.0 § 7.4 vs. 33.8 § 5.1 SFC/106, p D 0.001) responses
were augmented following HER2-pulsed DC1 vaccination, rela-
tive IFNg:IL-10 response ratios shifted from 0.95:1 (relative
Treg/Th2-favoring) pre-vaccination to 2.5:1 (Th1-favoring)
post-vaccination (p D 0.008). However, relative IFNg:IL-10
response ratios did not indicate a significant shift toward a Th1-
favoring phenotype following T/C treatment (0.97:1) compared
with treatment-naive (0.74:1, p D 0.78) HER2pos-IBC patients
(Fig. 5A, B).

Longitudinal Th1 immune evaluation �6 mo post-vacci-
nation was possible for nine (81.8%) patients. Despite com-
pletion of postoperative chemotherapy following vaccination
in all patients, durable anti-HER2 Th1 reactivity was
observed at a median duration of 16 (range 6–60) mo vs.
pre-vaccination baseline: anti-HER2 responsivity (100% � 6
mo post-vaccine vs. 22.2% pre-vaccine, p D 0.008), reper-
toire (4.0 § 0.4 vs. 0.3 § 0.2, p < 0.0001), cumulative
response (255.1 § 49.2 vs. 33.8 § 9.2 SFC/106, p D 0.006)
(Fig. 5D, E).

Subgroup analysis of the T/C-treated cohort was per-
formed in order to investigate variations in Th1 reactivity by
sequence of chemotherapy (neoadjuvant or adjuvant); time
from completion of prescribed trastuzumab to study enroll-
ment (< or �6 mo); estrogen-receptor status (ERpos or
ERneg); and pathologic Stage (I-III). Chemotherapy sequence
(neoadjuvant [n D 12] vs. adjuvant [n D 25]; Fig. 6A), time
from trastuzumab completion (<6 [n D 16] vs. �6 mo [n D
21]; Fig. 6B), or ER status (ERpos [n D 21] vs. ERneg [n D
16]; Fig. 6C) did not impact anti-HER2 Th1 responsivity,
repertoire, or cumulative response (all p D NS). Importantly,
AJCC Stage I (n D 8), Stage II (n D 20), or Stage III (n D
9) T/C-treated patients did not differ by any Th1 metric
(Fig. 6D), suggesting that the observed anti-HER2 Th1 defi-
cit in HER2pos-IBC was independent of disease burden.
Moreover, these data collectively suggest that dominant Th1
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reactivity profiles of particular subgroups are not responsible
for the lack of immune restoration observed globally in T/C-
treated HER2pos-IBC patients.

Depressed anti-HER2
Th1 responses correlate
with adverse
clinicopathologic
outcomes

To assess the transla-
tional relevance of these
findings, we evaluated if
Th1 response variations in
T/C-treated HER2pos-IBC
patients correlate with
development of subsequent
breast events (BE; defined
as any locoregional or dis-
tant recurrences). Median
follow-up was 33.5 (inter-
quartile range [IQR] 25.5–
45.8) mo. Eight T/C-
treated patients (21.6%)
suffered BEs at a median
duration of 29 (IQR 16–
36) mo (Table S2). Com-
pared to patients without
BEs, BE-incurring patients
demonstrated significantly
depressed anti-HER2
responsivity (12.5% CBE
vs. 55.2% no BE; p D
0.048) and cumulative
responses (9.4 § 3.6 vs.
66.9 § 14.5 SFC/106; p D
0.046), but not repertoire
(1.03 § 0.3 vs. 0.13 §
0.1; p D 0.11) (Fig. 6E).

In 12 (32.4%) HER2-
pos-IBC patients receiving
neoadjuvant T/C, we
compared anti-HER2
Th1 responses between
pathologic complete res-
ponders (pCR; defined as
no residual invasive BC
on postoperative pathol-
ogy) and non-pCR
patients. pCR, achieved
in four patients (33.3%),
was associated with signif-
icantly higher anti-HER2
repertoire (3.3 § 1.1 vs.
0.13 § 0.13, p D 0.002)
and cumulative response
(193.1 § 64.9 vs. 13.6 §
4.6, p D 0.002) com-

pared with non-pCR patients; anti-HER2 responsivity (100%
vs. 25%, p D 0.06) did not reach statistical significance
(Fig. 6E).

Figure 5. For figure legend, see page 9.
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Discussion

The advent of checkpoint inhibitors,20 and use of immune-
modulating strategies such as vaccines,21 toll-like receptor
agonists, or adoptive T-cell therapies against tissue-specific epito-
pes 22,23 have set the stage for more effective cancer immuno-
therapies. Most of these therapies are geared toward broad-based
immune modulation. In parallel with these discoveries, genomic
profiling has identified specific molecular drivers of tumorigene-
sis, including v-raf murine sarcoma viral oncogene homolog-B1
(BRAF), epidermal growth factor receptor (EGFR), and HER2.
While therapies targeting such oncodrivers achieve initially
encouraging response rates, their success is relatively short-lived
because most tumors ultimately recur or become therapy-resis-
tant.10,24 Identifying oncodriver-specific immune deficits during
tumor development may provide therapeutic opportunities tai-
lored to specific cancer subtypes. To our knowledge, this is the
first study that identifies a CD4C Th1 immune deficit in tumori-
genesis specific to the molecular oncodriver of a defined BC phe-
notype, namely HER2/neu.

The decay in anti-HER2 Th1 immunity commences in the
premalignant DCIS phase, and becomes progressively lost in
early invasive disease states. Moreover, Th1 immunity appears to
be lost specifically in HER2-overexpressing phenotypes. Utilizing
a broad tumorigenesis continuum, we demonstrated that anti-
HER2 Th1 responses in HER2neg-DCIS and HER2neg-IBC
patients (IHC 0/1C) closely resembled those seen in HD/BD
donors, and were significantly higher than Th1 responses seen in
HER2pos(IHC 3C or 2C/FISH positive) DCIS and IBC
patients, respectively. Particularly, the maintenance of HER2-
specific CD4C immunity in HER2neg-IBC patients may, in part,
explain their improved clinical outcomes after vaccination with
HER2 peptides aimed at activating CD8C T-cells.25

It is somewhat surprising that HD/BDs maintained a readily
identifiable population of circulating anti-HER2 Th1 cells. Since
HER2 is normally a membrane constituent in branching breast
ductal cells during pregnancy and lactation,26 it is plausible that
pre-existing CD4C T-cell responses in HD/BDs are generated as
a result of HER2-epitope presentation by antigen-presenting cells
(APC) within the breast. Indeed, although independent of age,
race, or menopausal status, pre-existing anti-HER2 Th1 immu-
nity in HD/BDs was higher in gravid compared with non-gravid

donors; incidentally, the latter is a population at increased risk
for BC development. Furthermore, the striking pro-apoptotic
effect of HER2-specific Th1 – via cytokines IFNg and TNF-
a–in HER2high, but not HER2low, BC cell lines expressing
IFNg/TNF-a receptors in vitro, imply that anti-HER2 Th1 may
be instrumental in controlling or eliminating HER2-overexpress-
ing cells during physiologic processes such as breast involution.
Thus, a pre-existing anti-HER2 Th1 immunity in HDs may con-
fer protection against tumorigenic events, while abrogation of
anti-HER2 Th1 function may represent a tumor-driven mecha-
nism to evade immune surveillance during HER2pos tumorigene-
sis. Interestingly, recent evidence suggests that preferential death
programming of circulating tumor-associated antigen (e.g.,
MAGE6, EphA2)-specific CD4C Th1 may contribute to the
immune dysfunction observed in melanoma patients with active
disease.27 Similar mechanisms may be involved in the loss of
anti-HER2 CD4C Th1 immunity observed in the present study
– deciphering, and targeting, such mechanisms may be critical
for the development of immune interventions aimed at primary
BC prevention. These mechanisms, as well as the functional sig-
nificance of anti-HER2 Th1 cells in breast homeostasis, warrant
further investigation.

Although antecedent HER2-Th1 immunity was maintained
in HD/BDs, HER2-reactive humoral responses were not. In the
healthy breast, priming of CD4C Th1 cells by APCs in a
non-inflammatory setting, while contributing to homeostasis of
HER2-expressing cells via IFNg/TNF-a secretion, may not drive
antibody production. In HER2pos-DCIS, however, a relative
increase in HER2-reactive IgG1/IgG4 was associated with inter-
mediate, but not absent, Th1 responses. Appearance of HER2
antigenic stimulus on evolving tumors, and its subsequent pre-
sentation by APCs to remaining Th1 cells in an inflammatory
environment, may allow for transient antibody production.
Ultimately, in HER2pos-IBC, waning of CD4C T-cell help may
erode the continued production of antibodies, resulting in their
eventual disappearance. This dissipation of both arms of adaptive
immunity could render these patients incapable of primary
tumor prevention and control.

In addition to those discussed above, the loss of anti-HER2
Th1 immunity may reflect other mechanisms – for instance,
chronic T-cell exhaustion or peripheral tolerance with a con-
tributory role for co-inhibitory signals (e.g.,, TIMs, PD-L1,

Figure 5 (See previous page). Anti-HER2 CD4C Th1 immunity is differentially restored following HER2-pulsed DC immunization, but not after HER2-tar-
geted therapies. (A) Compared with treatment-naive Stage I/II HER2pos-IBC patients (no tx), anti-HER2 Th1 responses were not globally augmented follow-
ing T/C treatment in stage I-III HER2pos-IBC patients (T/C-treated), illustrated by anti-HER2 responsivity, repertoire, or cumulative response. Relative
proportion of IFNg:IL-10 reactive cells (% depicted in histogram) following HER2-specific and tetanus (positive control) stimuli did not improve in T/C-
treated (n D 5) compared with no tx (n D 5) patients; (B) Significant improvements in all anti-HER2 Th1 immune metrics were observed in 11 Stage I
HER2pos-IBC (PRE vax) patients immediately following HER2 pulsed-DC1 immunization (POST vax). While relative proportion of IFNg to IL:10 reactive cells
(% depicted in histogram) did not change appreciably following tetanus stimulation, HER2-pulsed vaccination significantly increased the relative propor-
tion of IFNg to IL:10 reactive cells in POST vax (n D 5) compared with PRE vax (n D 5) patients; (C) The differential Th1 restoration following HER2-pulsed
DC immunization, but not T/C treatment, persisted on stage-matched comparisons in stage I HER2pos-IBC patients. Results are expressed as proportion
or mean § SEM; (**p < 0.01, ***p < 0.001). (D and E) Beyond the immediate post-vaccination period, anti-HER2 CD4C Th1 immunity remained durably
augmented in 9 of 11 evaluable patients �6 mo following vaccination, despite initiation/completion of systemic chemotherapy in all patients by this
time-point (broken arrows). Scatter plots demonstrate CD4C Th1 reactivity profiles by response repertoire (D) and cumulative response (E) for individual
vaccinated subjects.
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CTLA-4, etc.), or alterations in HER2-reactive immune phe-
notypes. Indeed, although overall IL-10 responses are main-
tained across the tumorigenic continuum, HER2-specific
responses functionally shift from strongly Th1-favoring (in

HD/BDs) toward a rela-
tively Th2/Treg-favoring
(in HER2pos-IBC) pheno-
type when evaluated by
antigen-specific IFNg:IL-
10 ratios. The intact,
albeit muted, Th1 respon-
sivity in 7/22 (32%)
HER2pos-IBC patients,
therefore, may reflect an
ongoing balance between
Th1 antitumor immune
defense and tolerogenic
Treg/Th2 contributions28

during tumorigenesis.
Nonetheless, the loss of

anti-HER2 Th1 immunity
was not attributable to

absolute increases in circulating immunosuppressive populations
in HER2pos-IBC patients. Although previous studies have
reported higher levels of circulating Treg and/or MDSCs in
advanced (Stage III/IV) BC29 and other solid tumors,30 in this

Figure 6. Depressed anti-
HER2 Th1 responses follow-
ing T/C treatment correlate
with adverse clinical and
pathologic outcomes. (A–D)
Subgroup analysis of T/C-
treated HER2pos-IBC patients
demonstrated no appreci-
able differences in anti-HER2
responsivity, repertoire, or
cumulative response when
stratified by (A) sequencing
of chemotherapy (neoadju-
vant vs. adjuvant); (B) time
from completion of trastuzu-
mab to enrollment in study
(<6 vs. �6 mo); (C) estrogen-
receptor status (ERpos vs.
ERneg) and (D) pathologic
stage (I vs. II vs. III). (E) Com-
pared with HER2pos-IBC
patients who did not incur
breast events (no BE) follow-
ing completion of T/C,
patients incurring BEs (CBE)
had significantly depressed
anti-HER2 responsivity and
cumulative Th1 responses (D
left). In HER2pos-IBC patients
achieving pathologic com-
plete response (pCR) follow-
ing neoadjuvant T/C, anti-
HER2 Th1 response reper-
toire and cumulative
response was significantly
greater compared to non-
pCR patients (D right).
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study, early-stage (Stage I/II) IBC patients appear to have compa-
rable immunosuppressive profiles to HDs. The dramatic decline
in anti-HER2 Th1 responses in these patients, therefore, is even
more compelling. Furthermore, this decline in peripheral blood
anti-HER2 IFNgpos CD4C T-cell subsets was unrelated to (i)
immune sculpting, since we did not observe a bias toward selec-
tive HER2 peptide reactivity with progressive tumorigenesis; or
(ii) discrepantly greater CD4C T-cell trafficking to invasive
tumors. The latter finding should be interpreted with caution,
however, since these data do not address sequestration or deple-
tion of HER2-specific CD4C TILs in the tumor microenviron-
ment. Finally, the anti-HER2 Th1 immune depression could not
be explained by generalized host-level T-cell anergy in IBC
patients; however, the present study cannot completely exclude
antigen-specific cellular-level anergy as a possible explanation for
this phenomenon.

Importantly, this anti-HER2 Th1 depression was associated
with an increased risk of locoregional or distant recurrence in
T/C-treated HER2pos-IBC patients. In contrast, anti-HER2 Th1
preservation correlated with pCR following neoadjuvant T/C.
Taken together, these data suggest that monitoring anti-HER2
Th1 immune reactivity following HER2-directed therapies may
identify vulnerable subgroups at risk of clinical or pathologic fail-
ure. Moreover, the association of an anti-HER2 Th1 deficit with
unfavorable clinicopathologic outcomes warrants a search for
therapeutic strategies that might reverse such an immune deficit.

Even after controlling for disease burden (i.e., pathologic
stage), the depressed anti-HER2 Th1 responses in HER2pos-IBC
patients remained globally unaffected by surgery, radiation, che-
motherapy, or HER2-targeted trastuzumab. Several studies have
demonstrated the ability of trastuzumab to reduce growth and
induce apoptosis in HER2pos tumors,31 as well as to sensitize
HER2pos cells to the tumoricidal effects of cytotoxic chemother-
apy.4 Despite these benefits, the use of trastuzumab did not
appreciably restore HER2-specific Th1 immunity in a majority
of patients, including those with Stage I disease. In addition, an
almost universal resistance to these HER2-targeted therapies is
observed in advanced disease states.10 Additional strategies target-
ing HER2, therefore, are required. One such strategy, described
herein, may be autologous DC1 immunization with HER2-
derived Class II peptides. Following neoadjuvant HER2-pulsed
DC1 vaccination in HER2pos-IBC patients (followed by sur-
gery), durable restoration of anti-HER2 Th1 immunity was
observed up to 60 mo post-vaccination. Altogether, these data
suggest that (i) this HER2-specific CD4C Th1 immune deficit is
not immunologically “fixed,” since it can be corrected with
appropriate immunologic interventions; and (ii) combination of
vaccination (or other immune-modulating strategies) with exist-
ing humoral-based HER2-targeted therapies may improve long-
term outcomes in this disease. Indeed, in murine models, the col-
laboration of cellular (IFNg-producing CD4C, but not CD8C,
T-cells32) and humoral HER2-directed immunity is essential for
eradication of HER2pos tumors.33

Collectively, our findings have implications for immune mon-
itoring and therapy selection in HER2pos-BC patients. As dis-
cussed, they justify addition of anti-HER2 immunizations to

standard HER2-targeted therapies in high-risk populations with
HER2-driven BC; indeed, we have initiated trials testing such
combinations in HER2pos-IBC patients with residual disease
after neoadjuvant T/C, and those with advanced disease follow-
ing adjuvant therapy. Moreover, while conventional surveillance
strategies (radiographic imaging, IHC/FISH profiling of breast
biopsy specimens, etc.) offer only an isolated snapshot of a
tumor’s evolution, monitoring high-risk patients for real-time
fluctuations in their anti-HER2 Th1 immunity may provide a
glimpse into the natural history and immune repercussions of a
tumor. Judicious incorporation of CD4C Th1 immune detection
protocols into future BC clinical trial design appears justified.

In summary, this is the first description, to our knowledge, of
the progressive and specific loss of CD4C Th1 immunity to a
molecular oncodriver during breast tumorigenesis. Glimpses into
the unfavorable clinical and pathologic outcomes associated with
depressed anti-HER2 Th1 immunity imply that immune restora-
tion with vaccination or other immune modulating strategies
may be worth pursuing in these high-risk patients to mitigate
tumor progression or prevent recurrence. Additional studies
are warranted to determine whether anti-HER2 CD4C responses
are lost in other HER2pos cancers (i.e., ovarian, gastric, etc.), and
if there is a generalized loss in Th1 immunity to other molecular
oncodrivers during tumorigenesis.

Patients & Methods

Study design and patient enrollment
After approval by the Institutional Review Board of the Univer-

sity of Pennsylvania, 143 subjects were consecutively recruited to
participate in this study, and informed consent was obtained. Anti-
HER2 Th1 responses were examined in HDs (n D 21), and BD
(n D 10), HER2neg-DCIS (n D 11), HER2neg (0/1C) IBC (n D
11), HER2pos-DCIS (n D 31), and HER2pos-IBC (n D 22)
patients. Th1 responses of patients enrolled in our neoadjuvant
DC1 immunization trials for HER2pos-DCIS and found to have
Stage I HER2pos-IBC at surgery (n D 11), were analyzed pre- and
post-immunization (immediately and�6 mo after). Th1 responses
in treatment-naive HER2pos-IBC patients were compared with
responses in T/C-treated Stage I-III HER2pos-IBC patients
(n D 37) (Fig. 1 and Table S1). T/C-treated HER2pos-IBC
patients were surveilled for development of BEs, defined as any
locoregional or distant recurrence. Th1 immune responses of all
subjects were generated and analyzed prospectively.

Vaccine trial design and immunization procedures
Two neoadjuvant trials of HER2-pulsed DC1 vaccinations for

HER2pos-DCIS patients were conducted (vaccination protocol
detailed in Supplementary Methods). Briefly, monocytic DC pre-
cursors were obtained from subjects via tandem leukapheresis/
centrifugal elutriation, pulsed with six HER2 MHC class II pep-
tides (42–56, 98–114, 328–345, 776–790, 927–941,
1166–1180;34 two class I peptides were utilized for HLA-A2.1pos

patients), rapidly matured to a DC1 phenotype (via IFNg/LPS),
and harvested. Intra-nodal and/or intra-lesional injections were
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performed as described previously.35 Immunization-related safety
data has been reported previously.18

Immune response detection
Circulating anti-HER2 CD4C Th1 responses were generated

from unexpanded PBMCs pulsed with the aforementioned six
HER2 class II peptides by measuring IFNg production via ELI-
SPOT. ELISPOT was performed as previously described.35

Briefly, PVDF membrane plates (Mabtech Inc.) were coated
overnight with anti-IFNg capture antibody. Cryopreserved
PBMCs, isolated using density gradient centrifugation, were
thawed into pre-warmed DMEM C 5% human serum. After
plates were washed and blocked, PBMCs were plated in triplicate
(2 £ 105 cells/well), and incubated at 37�C for 24–36 h with
either HER2 peptides (4 mg); media alone (unstimulated con-
trol); or positive control (anti-human CD3 and anti-CD28 anti-
bodies [0.5 mg/mL; BD Pharmingen]. After washing, detection
antibody (7 B6-1-biotin; 100 mg/mL) was added to each well,
and plates were incubated for 2 h at 37�C. Next, 1:1000-diluted
streptavidin-HRP in PBS C 0.5% FCS was added, incubated for
1 h, and TMB substrate solution was added to reveal spot forma-
tion. After color development, wells were washed with tap water.
SFCs were counted using an automated reader (ImmunoSpot
CTL).

Additionally, recall Th1 responses were examined by stimulating
evaluable PBMCs from specific patient subsets with 1:100-diluted
recall stimuli Candida albicans [Allermed Laboratories] and tetanus
toxoid [Santa Cruz Biotechnology]. In order to determine func-
tional contribution of circulating Treg and/or Th2 phenotypes, IL-
10 production was measured by ELISPOT, with anti-CD3
(2.5 mg/mL) as positive control.36

Since inter-replicate variability in ELISPOT was low (data not
shown), an empiric method of determining antigen-specific
response was employed. A positive response to an individual
HER2 peptide was defined as: (1) threshold minimum of 20
SFC/2 £ 105 cells in experimental wells after subtracting unsti-
mulated background; and (2) at least two-fold increase of anti-
gen-specific SFCs over background. Three metrics of CD4C Th1
responses were defined for each group: (a) overall anti-HER2
responsivity (i.e., proportion of patients responding to �1 pep-
tide), (b) mean number of reactive peptides (response repertoire),
and (c) cumulative response across six peptides (total SFC/106

cells).

Inter-assay precision of ELISPOT
Inter-assay precision of ELISPOT was performed as described

previously.37 When the mean coefficient of variance (CV) (three
parallel replicates over three days) was plotted against cumulative
Th1 response for five donors stimulated ex vivo with HER2
ECD peptide mix (42–56, 98–114, 328–345), a characteristic
non-linear relationship was observed. Mean CV increased as
cumulative response approached zero (Fig. S6A). Due to this
non-linear relationship, standard deviation (SD) was plotted
against cumulative Th1 response as a measure of inter-assay vari-
ability.37 SD was found to be linearly related with cumulative
response (R2 D 0.96, p < 0.0001; Fig. S6B). Linearity studies,

in which PBMCs from two known anti-HER2 responders were
serially diluted into a known non-responder and stimulated with
HER2 ECD peptides, were performed. A significant linear rela-
tionship between Th1 response and dilution concentration was
observed in both donors (#1: R2 D 0.96, p < 0.0001; #2: R2 D
0.98, p < 0.0001) (Fig. S1C). Collectively, these data indicate
that ELISPOT assays were precise, reliable, and reproducible.

HER2 antibody detection
ELISA (EIA/RIA) plates were coated with HER2 ECD

(5 mg/mL; Speed Biosystems) in bicarbonate buffer, and incu-
bated overnight at room temperature (RT). The following day,
plates were blocked with 1% casein in PBS, sera (1:100 dilu-
tion) added in quadruplicate in blocking buffer, incubated for
2 h, and washed three times before the addition of 1:500-
diluted HRP-conjugated anti-human secondary antibody spe-
cific for either IgG1 or IgG4 (Life Technologies). After incuba-
tion for 1 h, plates were washed and developed with TMB
substrate solution (Kirkegaard & Perry Laboratories).

Flow cytometry
PBMC suspensions were prepared in FACS buffer (PBSC1%

FCSC0.01% sodium azide) and anti-human-CD3, -CD4,
-CD8, -CD83, -HLA-DR, -CD11b, -CD33, -CD19, -CD56,
-CD16 (all BD Bioscience), -CD4, and -CD25 (both Biolegend)
were utilized to determine relative PBMC immunophenotype.
After washing, cells were incubated for 30 min at RT with anti-
body mixtures. Following incubation, cells were washed three
times with FACS buffer and fixed with 2% paraformaldehyde.
Stained samples were analyzed within 24 h. Intracellular staining
with anti-FoxP3 (eBioscience) using FoxP3 fixation/permeabili-
zation kit (Biolegend) was performed according to man-
ufacturer’s instructions. Flow cytometric analysis was performed
using BD LSR-II, and analyzed using CellQuest ProTM.

Pathologic staining
Formalin-fixed, paraffin-embedded tissue blocks from

HER2pos-DCIS and -IBC tumors were sectioned and stained
with hematoxylin and eosin (H&E) to assess peritumoral lym-
phocytic infiltrates. Multiplex-labeled IF (PerkinElmer Inc.) was
used to examine lymphocyte subpopulations in sample cases
from DCIS/IBC tumors.19 Tumors were stained for CD4, CD8,
CD20, and DAPI with same-species fluorescence labeling using
tyramide signal amplification. Images were analyzed using Vectra
multispectral microscope with pattern recognition software to
identify tumor, stroma, and T-/B-lymphocytes.

Apoptosis assays
BC cell lines with a spectrum of HER2 expression38 – HER2high

SK-BR-3, HER2intermediate MCF-7, HER2low MDA-MB-231
(American Type Culture Collection) – were cultured in RPMI-
1640 C 10% FBS (Cellgro); 50 £ 103 BC cells were plated in a
transwell system (BD Biosciences), and co-cultured with 106

CD4C T-cells and 105 DC1 or iDCs (obtained from select post-
vaccinated patients).18 DC1/iDCs were pulsed with Class II HER2
or irrelevant control BRAF peptides (20 mg/mL) for 24 h at 37�C.

e1022301-12 Volume 4 Issue 10OncoImmunology



Control wells contained culture medium or CD4C T-cells only.
Polyclonal goat IgG anti-human TNF-a (0.06 mg/mL per
0.75 ng/mL TNF-a) and IFNg (0.3 mg/mL per 5 ng/mL IFNg)
antibodies (R&D Systems) were used to neutralize Th1 cytokines,
with goat IgG isotype as control. Following treatments, BC cells
were lysed and subjected to protein gel blot analysis for cleaved cas-
pase-3 detection. Degree of nuclear fragmentation was assessed by
DAPI staining. Additionally, apoptosis in 50 £ 103 BC cells incu-
bated with (i) supernatants from iDC:CD4C or DC1:CD4C T-cell
co-cultures, or (ii) TNF-a (10–200 ng/mL as indicated) C IFNg
(100–2000 U/mL as indicated) (R&D Systems) was examined by
cleaved caspase-3 detection.

Transgenic murine mammary carcinoma lines expressing high
levels of rodent HER2/ErbB2 (HER2high TUBO and MMC15
[the latter a generous gift of Li-Xin Wang, Cleveland Clinic])
and HER2low/neg (4T1) were incubated with medium (RPMI-
1640 C 10%FCS) alone, recombinant mouse rmTNF-a
(1 ng/mL; Peprotech) alone, rmIFNg (12.5 ng/mL; Peprotech)
alone, or combination rmTNF-a C rmIFNg for 72 h at 37�C.
Following trypsinization, harvested cells were washed and resus-
pended in FACS buffer, and FITC-Annexin V (4 ml) and PI (2
ml) added. Cells were incubated at 4�C for 20 min, washed
twice, and subjected to flow cytometry. Apoptotic cells were
defined as those staining positive for both markers.

ELISA
Capture and biotinylated detection antibodies and standards

for IFNg and TNF-a (BD PharMingen) were used according to
the manufacturer’s protocols.

Statistical analysis
Descriptive statistics were performed. Continuous variables

were summarized by mean, SEM and range and categorical varia-
bles by frequency and percentage. Data transformation (natural
log or square root) was applied, when necessary, to meet assump-
tions of parametric testing. ANOVA with post-hoc Scheff�e

paired (parametric) or Kruskal–Wallis (non-parametric) testing
were employed to compare continuous variables for >3 groups.
Student’s t-test was used for 2-group comparisons. Fisher’s exact
test was employed to compare categorical variables in multi-level
tables. Student’s paired t-test and McNemar’s exact test evaluated
within-patient paired changes (e.g., pre-vaccination vs. post-vac-
cination) in Th1 response variables. p � 0.05 was considered sta-
tistically significant. All tests were two-sided. Statistical analyses
were performed in either SPSS (IBM Corp) or StatXact (Cytel
Corp).
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